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 This project was a study of the fundamental science underlying impact initiation and 

ignition of nanotechnology reactive materials (RM),
3-7

 using a laser-driven flyer plate apparatus
9
 

that launches metal foils in the 0.1-5 km/s range.  Time-resolved spectroscopy was used to 

monitor chemical and material transformations at a high level of detail.  The motivation was to 

understand the interplay between mechanics, nanostructure and chemical reactivity that combine 

to produce impact response.  The most studied RM was Al/Teflon,
10-14

 although we have 

obtained preliminary data on Al/Fe2O3 nanothermites
15-19

 and Ni/Al intermetallics.
7,20-24

  

 The dynamics of conventional reactive materials containing micron to millimeter 

particles are usually viewed within a mechanical engineering framework where the rates of mass 

and heat transfer processes are rate-limiting, and the details of the underlying chemistries are 

simplified by treating them as phenomenological heat-evolution processes.  In nanomaterials,  

heat transfer, mass transfer and chemistry can occur at similar rates, so more complicated 

theoretical frameworks are indicated.  There are several reasons why an improved understanding 

of fundamental mechanisms would be useful.  Weapons designers would like to design materials 

having tailored mechanics and controllable energy release.  For instance an anti-ship or anti-tank 

missile should penetrate armor without much fragmentation, and only then release its energy.  A 

reactive bomb casing should fragment without significant reactivity to a desired size distribution 

and then release energy upon impact with a target.  Tasks such as these are better accomplished 

when their designs are based on first-principles’ understanding of the relationships between 

mechanics and chemistry.  Weapon design today involves heavy use of computer simulations.  

Engineering-based simulations are good at designing for known scenarios, but function poorly 

when extended to novel situations.  Only fundamental science-based simulations are reliable in 

novel situations.  One important feature of our experiments is that the time and length scales are 



compatible with science-based simulation techniques,
25-31

 and the level of detail extracted 

permits critical—as opposed to superficial—verification of simulation accuracy.  

 When an explosive charge is detonated, there is an emission burst and the duration of the 

burst is controlled by the size of the charge.
32,33

  In our experiments, the charge is made small 

enough that the emission burst is controlled by nanostructure and reactive chemistries, which 

allows us to investigate nanoscale material reactivity at a level of detail not previously achieved.  

One area of particular interest is to look at RM very close to the threshold for reaction, which we 

believe is more informative than looking far above threshold or far below threshold.   

 Because these are single-shot measurements, emission spectroscopy was the most 

sensitive optical probe method.  However emission from condensed matter generally has a low 

information content when compared, say, to gas-phase emission.  The emission bursts in our 

experiments were characterized by the spectral distribution and absolute intensity, the onset 

delay time after impact, and the burst structure and duration.  These factors provided a great deal 

more information than has been previously obtained, but were not always directly evocative of 

detailed chemical and physical mechanisms.  Those mechanisms were revealed by systematic 

studies of how the emission bursts vary with impact velocity, RM composition, nanostructure 

and impact conditions.   

 When the project began, we had what we view now as a primitive flyer plate 

capability
34,35

 and a lot of experience with Al/Teflon materials developed during a prior project 

that investigated the response of Al/Teflon (and related materials such as B/Teflon) to ultrafast 

laser flash heating.
36-39

  In fact during the project period we wrapped up the flash-heating studies 

which resulted in a number of nice publications and the Rusty Conner Ph.D. thesis.
36-38,40

 



 
Fig. 1.  Schematic of experiment for ns, m resolution.  A 

flattop laser beam (note beam profile) 0.7 mm in diameter, 

produced with a diffractive optic, launches a metal foil 

that flies across a gap to impact a sample.  The flyer 

velocity is recorded by an optical interferometer (PDV).  A 

parabolic mirror collects emission from the sample or 

brings in IR laser beams.  (b)  Reproducibility measure-

ment where 33 flyers where shot from one assembly.  (c)  

Velocity record where a 50 m thick flyer was shot at 1.1 

km/s onto a glass window.  (d)  Impact record on expanded 

scale.  The velocity 0.55 km/s, lasting ~15 ns, is the speed 

Up of the glass/foil interface.   

 

 

  
Fig. 2.  Flyer velocity versus input laser fluence for 

different thickness flyers.   

 Unfortunately, early on in the 

program we determined that our existing 

launch facility did not produce flyers with 

enough energy to initiate the RM of 

interest.  We applied to the DURIP 

(instrumentation) program to purchase a 

larger launch laser, and we also developed 

a high-speed (8 GHz) photon Doppler 

velocimetry (PDV) capability.
2,9,35

  We 

spent more time in instrument and 

capability development than originally 

anticipated.  Fortunately this new facility 

worked out very well.  It is now an agile technology platform for understanding impact initiation 

in a wide variety of RM using small sample quantities (milligrams) without the safety concerns 

associated with conventional testing.  In addition precious prototype materials can be studied in 

detail.  We conducted a series of shock 

compression science and spectroscopy 

experiments to test and verify our 

capabilities, and then we investigated the 

impact reactivity of interesting RM.   

 The method used to generate and 

probe shocks is illustrated in Fig. 1. The 

laser-launched thin metal foils are called 



 
Fig. 3.  Schematic of apparatus to study dye emission from 

a thin PMMA layer, during a shock.  The sample was a 

glass window with 30 m PVA cushion layer and 5 m 

dye-doped PMMA layer.  The polychromatic probe 

transmits and receives returned 1.55 m light from the 

PDV.  It transmits 527 nm light from the excitation laser 

and receives returned visible emission.  Key:  10x obj = 

10X microscope objective; DO = diffractive optic; L = 

aspheric objective lens; DBS = dichroic beam splitter; 

PMT = photomultiplier tube; FC = fiberoptic collimator. 

 

 

 

 

 
Fig. 4.  (a)  Hugoniot of 40 m thick PMMA using laser 

flyer plates,
1,2

 compared to literature results
8
 from Los 

Alamos.  (b)  Dye emission spectra with 1.5 GPa shock.  

(c)  Dye emission spectra with 4.8 GPa shock.  Arrival of 

the shock front causes the emission to lose intensity and 

redshift, with minimal broadening. 

  

 

 

laser-driven flyer plates.
41

  Figure 2 shows 

the range of flyer velocities for different 

thickness flyers. The plates were 25-100 

m thick, creating 8-32 ns duration 

shocks.  Notice Fig. 1b, which illustrates 

the high level of reproducibility in the 

flyer launch.  The impacted samples were 

1-100 m thick.
9
 High-speed single-shot 

diagnostics were used to probe the plates 

and the samples.  These included PDV for 

velocity measurements and a streak 

camera for time-resolved emission.  In 

addition we made significant progress in 

developing a Raman capability and a high-

speed pyrometery capability.   

 Our first high-speed spectroscopy 

experiments, used the set up diagrammed 

in Fig. 3, involved shocking a 5 m thick 

layer of PMMA doped with R640 dye, on 

top of a thicker slab of PVA polymer.
1
  In 

this configuration, the flyer plate hits the 

dye layer and the shock propagates 

through PMMA without reflection into the impedance-matched PVA dissipation layer.  During 



 
Fig. 5.  Dye emission redshift (first moment M

(1)
of the 

emission spectrum) from thin PMMA layer at indicated 

shock pressures.  The shock front steepens up above 3.5 

GPa.  The shock duration was ~15 ns. 

 

 

 

 

 
Fig. 6.  (a)  Total emission intensity from Al/Teflon and 

two forms of Teflon alone.  Above 1 km/s, Al/Teflon 

initiation results in huge emission bursts.  (b)  Al/Teflon 

sample on a 2” window.  (c)  Teflon powder after impact 

with 700 m diameter flyer, shows dark debris spread out 

from the center which was vaporized.  (d)  Al/Teflon after 

impact has a debris field extending outward from the 

center, and much of the central region has been vaporized. 

 

 

 

the shock, the dye was quasi-continuously 

pumped by a green laser, making it a steady 

emitter.  Dye emission transients were 

monitored with a streak camera and 

spectrograph.  Simultaneously PDV 

monitored flyer velocity.  Since we had 

measured the PMMA film Hugoniot (Fig. 

4a),
9
 PDV gives the shock pressure.  Figures 4b,c show some dye emission transient spectra (15 

ns shock).  When the shock arrived, the emission lost intensity and redshifted.  The intensity loss 

occurred because the dye absorption was shifted away from the exciting laser line.  The spectral 

broadening was minimal.  The redshift is a useful monitor of time-dependent pressure transients.  

Figure 5 shows how the redshift varied with time at different shock pressures.  We can see the 

steepening of the rising edge of the redshift, that tracks the shock front, with increasing shock 

pressure.  These measurements validate 

our ability to measure and analyze spectra 

of shocked molecules, and are a first step 

in developing high-speed embedded 

optical shock probes. 

 We studied impact-initiation of 

Al/Teflon.
42

  Al/Teflon samples  (Fig. 6b) 

12 m thick (~3 ns shock transit) were 

made from 50 nm oxide-passivated Al and 

3 m Teflon particles, with a small 



 
Fig. 7.  Impact emission bursts from Al/Teflon 12 m 

thick.  (a)  Temporal structure of emission bursts, offset 

vertically for clarity. (b)  Emission transient from 1.7 km/s 

impact on Al/Teflon, Teflon foil and Teflon powder.  Time 

zero was when the laser launch pulse arrived.  During the 

15 ns shock, the Al/Teflon emission was similar to Teflon 

alone.  When the release wave arrives 15 ns after impact, 

the Al/Teflon emission jumps.  (c)  Emission spectra during 

the bursts.  The peak at 589 nm is Na emission from the 

glass surface heated by the exploding Al/Teflon. 

 

 

 

 

 
Fig. 8.  Comparison of 1.1 km/s flyer plate velocity record 

from PDV with Al/Teflon emission transient.  The onset of 

the intense emission bursts denoting explosive reactivity 

coincides with the time when the flyer velocity drops to 

zero. 

 

 

 

amount of PMMA binder.  Teflon-only 

control samples were also made.  With 50 

m thick flyers, huge emission bursts from 

Al/Teflon not seen with Teflon alone start 

at 1 km/s (Fig. 6a).  Shock-induced 

emission from Teflon alone was also 

observed.  At 1 km/s, prominent Swan 

bands (C2 emission) were seen, indicating 

Teflon decomposed into carbon and 

fluorine.
42

  Recovered Teflon and 

Al/Teflon samples are shown in Figs. 6c,d.   

 Figure 7a shows that emission from exploding Al/Teflon has a dual-burst structure.  The 

emission is broadband (Fig. 7c), and what we see is consistent with the 3300K blackbody 

emission observed with large explosive charges.
43

  According to Wien’s law, a blackbody at 

3300K would have an emission peak at 

880 nm but our spectrometer does not 

work that far into the near-IR.     

 Figure 7b shows that during the 15 

ns shock, the emission from Teflon alone 

and from Al/Teflon are quite similar in 

intensity, but a short time after the shock 

unloads, Al/Teflon emits the huge dual 

bursts.  This timeline is seen in more detail 



in Fig. 8, which correlates the flyer velocity record with the 1
st
 emission burst.  The 2

nd
 emission 

burst is correlated with the arrival of release waves about 100 ns later, from the edges of the 730 

m diameter flyer.
42

   

Summary 

 During the three year duration of this contract, we developed a unique suite of 

instrumentation that allows us to study impact initiation of reactive materials with high time 

resolution.  Several experiments were done to characterize our instrumentation capabilities and a 

thorough study of an interesting reactive material, nano-Al + Teflon was conducted.  The 

groundwork is in place to extend these studies to a wide range of other RM and efforts are 

underway to further improve our capabilities. 
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